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Abstract: The immunogold technique with anti-diacylglycerol acyltransferase 2 (DGAT2) antibody revealed in
A. thaliana embryo and root meristematic cells gold particles manifesting the presence of DGAT2 in ER as well
as in lipid bodies. This being so, lipid synthesis could take place both in ER and in the lipid bodies. The presence
of microtubules around the lipid bodies was evidenced under transmission EM. Detection of tubulin around the
lipid bodies using the immunogold technique with anti-a-tubulin is in agreement with the above observations.
Connection of lipid bodies with microtubules was also detected by us in other plants where they probably partic-
ipated in lipid synthesis. A similar phenomenon may take place in  A. thaliana. (Folia Histochemica et Cytobiolog-
ica 2012, Vol. 50, No. 3, 427–431)
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Introduction
Lipid bodies (lipid droplets, oleosomes) are the fo-
cus of interest for many scientists, as demonstrated
by the large number of reviews concerning them
[1–7]. They have become an important, and fascinat-
ing, object of research because they take part in many
intracellular processes. The lipid bodies which are sur-
rounded by a phospholipid monolayer are significantly
different from other cell structures covered with
a phospholipid bi-layer. This monolayer covers a tri-
acylglycerol core.
Recent studies have suggested that the lipid bod-
ies are not only lipid reservoirs, as previously thought,
but are organelles which contain numerous proteins
participating in signal transduction, regulation of syn-
thesis, degradation and accumulation of lipids [1].
Disturbance of normal lipid homeostasis results in
numerous human diseases [8]. Understanding lipid
body functions is also important because of plant pro-
ductivity and biotechnology [9].
One problem concerning lipid bodies which needs
explanation is the cellular site of lipid synthesis and
accumulation. It is accepted that ER containing ap-
propriate enzymes is such a site [10]. However, the
presence of diacylglycerol acyltransferase 2 (DGAT2),
an enzyme which, according to biochemical data [10]
is able to transform diacylglycerol into triacylglycer-
ol, indicates that lipid synthesis could still proceed in
lipid bodies formed with contribution of ER [11]. An
earlier paper also reached similar conclusions con-
cerning palm [12]. Localization of this enzyme in plant
cells with the immunogold technique has not been
demonstrated to date. However, Shockey et al. [13],
using the immunofluorescence technique, demon-
strated that in tung tree DGAT1 and DGAT2 were
located in distinct dynamic regions of ER. They con-
cluded that these enzymes had non-redundant func-
tions in the production of storage oils in plants.
The aim of the present study was to localise
DGAT2 in A. thaliana cells. It has been demonstrat-
ed that there is a relationship between lipid bodies
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and microtubules in some species [14–19]; therefore,
we wanted to check whether it referred also to
A. thaliana.
Material and methods
Dry seeds of Arabidopsis thaliana, ecotype Columbia-0, were
germinated for 24 h to obtain embryonic cells (seeds with
mature embryo were imbibed for 24 h), and for five days to
obtain the root meristematic cells, in darkness at room tem-
perature (RT).
Electron microscopy. The material was not incubated (em-
bryo cells) or incubated (root cells) in 15 μM taxol dissolved
in the microtubule stabilizing buffer MSB (100 mM PIPES,
1 mM MgCl2, 5 mM EGTA) pH 7.2 at RT for 2 h then fixed
in a mixture of 1% OsO4 and 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2) for 2 h and postfixed in 1% OsO4
in the same buffer at 4°C for 3 h.
After dehydration in the ethanol series, the material was
embedded in a medium consisting of Epon 812 and Spurr’s
resin. Ultrathin sections (70 nm) cut with a glass knife using
a Reichert Jung Ultracut microtome were double stained
with uranyl acetate and lead citrate according to Reynolds
[20]. The sections were examined and photographed in
a JEOL JEM 1010 transmission electron microscope at
80 kV acceleration voltage.
Immunogold technique. The material was prepared as de-
scribed in the EM section above. Freshly cut ultrathin sec-
tions were mounted on nickel formvar coated grids for EM
investigations. Prior to immunogold reaction, the sections
were treated with 10% hydrogen peroxide for 15 min to re-
move osmium which changes the antigen structure [21] and
washed in distilled water and PBS (0.01 M, pH 7.4, Sigma).
Air dried grids with the sections were blocked with 0.5%
BSA and 0.05% Tween 20 in PBS for 20 min and then dried
with tissue paper and incubated overnight at 20°C with the
primary: 1) rabbit polyclonal anti-DGAT2 (H-70) antibody
(Santa Cruz Biotechnology, USA) diluted in an antibody
diluent (pH 8.0, no. S 0809, DAKO) at a 1:100 dilution; and
2) anti-a-tubulin mouse monoclonal antibody (T-5168, Sig-
ma) diluted in an antibody diluent (pH 8.0, DAKO) at
a 1:300 dilution. Then the grids were washed ten times for
5 min each in PBS and incubated with the secondary anti-
body 1) anti-rabbit IgG and 2) anti-mouse IgG both conju-
gated with 10 nm gold (Polysciences) diluted 1:40 in the
antibody diluent (DAKO) for 1.5 h at the same tempera-
ture and rinsed again in PBS and distilled water (ten times
for 5 min each). Ultrathin sections were double stained,
examined and photographed as above. Sections not treated
with the primary antibodies were the negative control.
Western blot analysis. Proteins from the root meristems of
5-day-old Arabidopsis thaliana seedlings were extracted us-
ing a P-PER Plant Protein Extraction Kit (Pierce) accord-
ing to the protocol, and then fractionated on 4–12% Bis
Tris/MES PAGE-SDS gels (Novex) and blotted onto PVDF
Membrane 0.2 μm pore size (Invitrogen). Arabidopsis
DGAT2 was detected with the rabbit polyclonal anti-DGAT2
(H-70) antibody raised against human enzyme (Santa Cruz
Biotechnology, USA) diluted 1:500 using a Chromogenic
Western Blot Immunodetection Kit (Invitrogen).
Results and discussion
Arabidopsis thaliana is a model species widely used
e.g. to investigate the ultrastructure of lipid bodies
[22]. These authors have demonstrated that lipid body
sizes are determined by the amount of oleosins
present on their surfaces.
In A. thaliana, DGAT has been identified and se-
quenced in a developing embryo and flower petals
[23]. In the AS11mutant with disturbed composition
of fatty acids, DGAT showed lowered activity which
was correlated with reduced amount of triacylglycer-
ides in A. thaliana seeds [24]. Moreover, it was shown
that A. thaliana DGAT1 null mutant presented a re-
duced seed oil content of only 20–40%, because an-
other enzyme — phospholipid:diacylglycerol acyl-
transferase (PDAT1) supplemented fat synthesis.
Double mutation of either enzyme decreases fat con-
tent by up to 80%, resulting in disruption of embryo
development [25].
To the best of our knowledge, DGAT localization
in A. thaliana cells has not previously been studied.
A cross-reaction using rabbit polyclonal antibody
raised against human origin DGAT2 revealed one
clear band at the molecular weight of about 44 kDa,
which is consistent with the molecular mass of DGAT2
(Figure 1F). This result indicates that this antibody is
specific and could be applied for the immunogold
technique in our plant material, A. thaliana, as plant
DGAT2 possesses high homology to DGAT2 of fun-
gi and animals [26].
Images obtained using the immunogold technique
demonstrated that gold particles, testifying to the pres-
ence of DGAT, were mainly localized near the mono-
layer or inside cytoplasmic lipid bodies (Figures 1A–C);
the latter ones may be gold particles adhering to the
monolayer tangential section (see Figure 1C). The gold
particles occurred in plastids (Figure 1D) and in ER
(Figure 1E). Microphotographs of sections without
primary antibodies (negative control) were free of im-
munolabeling (not presented). Thus, localization of
DGAT with the use of the immunogold technique in
A. thaliana was similar to that in COS7 fibroblasts [11]
and in O. umbellatum (Kwiatkowska et al. in prep.).
Microtubules have different diameters and can be
stable or labile, with the result that their identifica-
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tion around lipid bodies may be difficult. They need
a special fixation procedure and high EM magnifica-
tion. The lipid bodies of embryo cells non-incubated
with taxol were connected with weakly visible micro-
tubules (Figure 2A). That is why the cells incubated
with taxol, which stabilizes microtubules and makes
them more contrasted [17], were used in other prep-
arations in the case of root meristems. Under high
magnification, there were cross-sections of microtu-
bules adjacent to a phospholipid monolayer around
the lipid bodies with dark content (Figures 2B, F).
Longitudinal section of microtubules can be seen in
Figure 1E. Localization of a-tubulin gold particles
(around the white lipid bodies after H2O2 treatment)
in root meristematic cells 24 h after germination (Fig-
ures 2C, D) was similar to that of cross-section mi-
crotubules (Figures 2A, B).
The presence of microtubules next to lipid bodies
in some plants seems to indicate their functional cor-
relation. Microtubules of O. umbellatum lipotubuloids
(structures containing numerous lipid bodies connect-
ed with microtubules among which there are many
ribosomes as well as ER vesicles and cisternae, a few
mitochondria, Golgi structures and microbodies [14])
differ from the others identified so far close to the
lipid bodies because they are covered with a polysac-
charide layer [18]. Probably because of that, microtu-
bules are very stable which is why they are a good
model to investigate functional correlation between
microtubules and lipid bodies. Autoradiographic stud-
ies in a light microscope with the use of 3H-palmitic
acid have shown that the lipotubuloids of O. umbel-
latum were the site of intensive incorporation of this
lipid precursor [27]. On the other hand, EM autora-
diography revealed that silver particles were local-
ized at the periphery of the lipid bodies where mi-
crotubules were touching them; all this led to the
hypothesis that the surfaces of lipid bodies took part
in lipid synthesis and that the microtubules co-op-
erated with the lipid bodies in this process [15]. This
hypothesis was proved by further research using the
immunogold techinique. In O. umbellatum lipotub-
uloids (Kwiatkowska et al. in prep.) and in
A. thaliana (the current work) as well as in COS7
fibroblasts [11], it has been shown that diacylglycer-
ol acyltransferase 2 (DGAT2), an enzyme involved
in the final stage of triacylglycerol synthesis, was
present at the surfaces of lipid bodies, which may
confirm the suggestion that lipid synthesis also oc-
curs on them.
Figure 1. Detection of DGAT2 with the immunogold technique in A. thaliana embryo cells (A–E); gold particles around
and inside cytoplasmic (A–C) and plastidic (D) lipid bodies as well as in endoplasmic reticulum (E); Immunoblotting
analysis of DGAT2 in lysates of A. thaliana root meristematic cells (F), lane a molecular weight marker, lane b Western
blot of separated and electrotransferred proteins performed using primary rabbit anti-DGAT2 IgG fraction and secondary
goat anti-rabbit IgG antibody conjugated with alkaline phosphatase
er — endoplasmic reticulum; lb — lipid body; m — mitochondrion; plb — plastidic lipid body; cw — cell wall; bar 200 nm
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Microtubules and lipid bodies in close contact
have been observed in different animal cells in con-
nection with lipid bodies’ motion [28–30]. On the
other hand, the observations of Pacheco et al. [19]
implicate microtubule contribution to lipid synthe-
sis. These authors observed that in mouse mono-
cytes, toxins such as colchicine and taxol blocked lip-
id synthesis which was triggered by inflammatory
factors. Our research also showed that the microtu-
bule toxin, propyzamide, stopped the incorporation
of the lipid precursor into O. umbellatum lipotubu-
loids which means lipid synthesis blockade (Kwiat-
kowska et al. in prep.) and confirms the view result-
ing from autoradiographic and immunogold obser-
vations about the participation of microtubules in
lipid synthesis.
In conclusion, on the basis of autoradiographic,
ultrastructural observations with the use of 3H-palm-
itic acid and of immunocytochemical studies, show-
ing localization of DGAT2 and phospholipase D near
microtubules and in lipid bodies, the presumption has
been made that in O. umbellatum lipid synthesis takes
place in the lipid bodies but the microtubules play
the role of transmitters carrying enzymes and lipid
precursors indispensable for lipid synthesis (Kwiat-
kowska et al. in prep.).
Figure 2. Lipid bodies of A. thaliana embryo cells non-incubated with taxol (A) and root meristematic cells treated with
taxol (B–F). Immunogold detection of a-tubulin; arrows show gold particles indicating tubulin presence around lipid
bodies (C–D); black arrows indicate longitudinal sections of microtubules (E), white arrows indicate cross-sections of
microtubules (F)
lb — lipid body; cw — cell wall; bars: 50 nm (A), 100 nm, (B–F), inset bar: 12.5 nm (B), 25 nm (F)
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Although the microtubules entwining the lipid
bodies in A. thaliana are less spectacular than in
O. umbellatum, it seems probable that in this plant
also the microtubules play a similar function i.e. par-
ticipate in lipid synthesis as indicated by the presence
of DGAT2.
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